Forkhead box O3 (FOXO3) is a multispecific transcription factor that is responsible for multiple and conflicting transcriptional programs such as cell survival and apoptosis. The protein is heavily post-translationally modified and there is considerable evidence that post-transcriptional modifications (PTMs) regulate protein stability and nuclear-cytosolic translocation. Much less is known about how FOXO3 PTMs determine the specificity of its transcriptional program. In this study we demonstrate that exposure of hepatocytes to ethanol or exposure of macrophages to lipopolysaccharide (LPS) induces the c-Jun N-terminal kinase (JNK)-dependent phosphorylation of FOXO3 at serine-574. Chromatin immunoprecipitation (ChIP), mRNA and protein measurements demonstrate that p-574-FOXO3 selectively binds to promoters of pro-apoptotic genes but not to other well-described FOXO3 targets. Both unphosphorylated and p-574-FOXO3 bound to the B-cell lymphoma 2 (Bcl-2) promoter, but the unphosphorylated form was a transcriptional activator, whereas p-574-FOXO3 was a transcriptional repressor. The combination of increased TRAIL (TNF-related apoptosis-inducing ligand) and decreased Bcl-2 was both necessary and sufficient to induce apoptosis. LPS treatment of a human monocyte cell line (THP-1) induced FOXO3 S-574 phosphorylation and apoptosis. LPS-induced apoptosis was prevented by knockdown of FOXO3. It was restored by overexpressing wild-type FOXO3 but not by overexpressing a nonphosphorylatable S-574A FOXO3. Expression of an S-574D phosphomimetic form of FOXO3 induced apoptosis even in the absence of LPS. A similar result was obtained with mouse peritoneal macrophages where LPS treatment increased TRAIL, decreased Bcl-2 and induced apoptosis in wild-type but not FOXO3
Forkhead box O3 (FOXO3) is a multispecific transcription factor that serves as a longevity factor 1, 2 and tumor suppressor and is critically involved in multiple seemingly independent biological process including cell-cycle arrest, 3 DNA repair, 4 antioxidant and stress responses, 5 apoptosis, 6 autophagy, glucose metabolism and aging. 7 Its many transcriptional programs are frequently in opposition to each other as it induces apoptosis, yet it is also critical for cell survival and longevity. Although there is considerable information regarding the mechanisms that regulate the nuclear/cytosolic distribution and protein stability of FOXO3, the control mechanisms that regulate transcriptional specificity are poorly understood.
FOXO3 function is tightly regulated by multiple posttranslational modifications (PTMs) including phosphorylation, acetylation, ubiquitination and arginine and lysine methylation. Specific PTMs regulate the partitioning of FOXO3 between the cytosol and the nucleus [8] [9] [10] [11] [12] [13] [14] [15] and its stability and degradation, 16 but the links between specific PTMs and FOXO3 transcriptional specificity are less well understood.
Brunet et al. 17 showed that acetylation favors expression of pro-apoptotic as opposed to antioxidant genes, but the sites responsible for this are unclear. 18 Other studies have suggested that that deacetylation reduces apoptotic transcription primarily by enhancing FOXO3 ubiquitination thus reducing gene expression through FOXO3 degradation. 19, 20 Other than acetylation, specific PTMs that control the FOXO3 transcriptional program have not been identified, and effects such as context-dependent alterations in DNA and histone structure 21 or binding of transcriptional repressors, such as NFIL3, 22 are thought to play the major role in transcriptional specificity tuning.
In our previous work we observed that alcohol treatment of hepatocytes generated specific PTM patterns of FOXO3, particularly those resulting from phosphorylation and arginine demethylation. 23 In the present study, we sought to determine whether these modified forms of FOXO3 cause preferential target gene transcription. We observed that ethanol (EtOH) induces a c-Jun N-terminal kinase (JNK)-dependent phosphorylation of FOXO3 at serine-574 (S-574) and this altered the transcriptional specificity of FOXO3, converting it from an antioxidant to an apoptosis-inducing transcription factor. In addition to selectively activating transcription of previously reported pro-apoptotic genes, such as TRAIL (TNF-related apoptosis-inducing ligand), p-574-FOXO3 was a transcriptional repressor of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2). The combination of an increase in TRAIL and a decrease in Bcl-2 were both sufficient and necessary for apoptosis induction. These results demonstrate that in addition to regulating stability, nuclear translocation and transcriptional efficiency, specific FOXO3 PTMs can alter its transcriptional program, converting it into a potent apoptosis inducer.
Results
EtOH reprograms FOXO3 by selectively enhancing its pro-apoptotic effects. In order to assess the effects of alcohol on FOXO3 we treated Huh7.5 hepatoma cells with or without 50 mM EtOH for 48 h and performed ChIP studies with an endogenous FOXO3 antibody ( Figure 1a ) or with an anti-HA antibody after overexpression of HA-FOXO3 ( Figure 1b) . A range of promoter targets were examined to represent the different transcriptional programs of FOXO3. EtOH treatment resulted in increased promoter binding to the pro-apoptotic genes, Bim (B-cell lymphoma 2 interacting mediator of cell death) and TRAIL, but had only minor and nonsignificant effects on other target genes (Figures 1a  and b ). This effect was present at the mRNA and protein levels as well (Figures 1c and d) . HA-FOXO3 overexpression itself increased superoxide dismutase 2 (SOD2) and peroxiredoxin III (PrxIII) mRNA but had no effect on Bim and TRAIL. Subsequent EtOH treatment, however, significantly increased both Bim and TRAIL mRNA ( Figure 1c ). FOXO3 overexpression increased SOD2 and FOXO1 protein levels and EtOH treatment subsequently increased TRAIL (Figure 1d ). The lack of precise agreement between mRNA and protein levels for Bim and PrxIII suggests that these proteins may be controlled by nontranscriptional mechanisms as well.
To determine whether these pro-apoptotic gene expression changes cause cell death, FOXO3-overexpressing cells were treated with 50 mM EtOH for 48 h and assessed by TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay, LDH release and caspase activation. EtOH treatment of untransfected Huh7.5 cells did not cause cell death, but after FOXO3 overexpression, EtOH caused a significant increase in TUNEL positivity, LDH release and caspase 3/7 activity (Figures 1e-g ). DR4 and DR5, the TRAIL receptor antagonists, 24 significantly blocked FOXO3/EtOH-induced increases of LDH release and caspase 3/7 activity (Figures 1f  and g ), demonstrating that FOXO3/EtOH-induced cell death was TRAIL dependent. These data indicate that EtOH reprograms FOXO3, enhancing its activation of pro-apoptotic target genes that contribute to TRAIL-dependent apoptosis.
EtOH causes FOXO3 S-574 phosphorylation. We previously observed that hepatitis C virus (HCV) infection induced JNK-dependent phosphorylation of FOXO3 at S-574. 23 The specificity and functional consequences of this phosphorylation are unknown. We generated a specific antibody to phospho-S-574-FOXO3 (p-574-FOXO3) and used it to examine the effects of EtOH on this FOXO3 modification. The antibody showed high specificity for p-574-FOXO3 (Supplementary Figure S1 ). Huh7.5 cells and primary human hepatocytes showed undetectable levels of p-574-FOXO3 in the absence of EtOH treatment, but exposure to EtOH for 12 h resulted in robust FOXO3 S-574 phosphorylation in both cell types (Figure 2a ). S-574 FOXO3 phosphorylation induced by either JNK overexpression or EtOH was JNK dependent as in both cases it was blocked by JNK inhibitor (Figure 2b ). Immunofluorescence studies showed that total FOXO3 was present in both nucleus and cytosol and its distribution was not changed by EtOH (Figure 2c ). p-574-FOXO3 was only detectable after EtOH exposure, was primarily nuclear and its formation was blocked by JNK inhibitor (Figures 2c and d) . The JNK inhibitor significantly reduced LDH release from EtOH-treated FOXO3-overexpressing Huh7.5 cells (Figure 2e ).
Apoptotic effects of p-574-FOXO3. To investigate the functional properties of p-574-FOXO3, we used the p-574-FOXO3 antibody for chromatin immunoprecipitation (ChIP) analysis. The results demonstrated that p-574-FOXO3 bound primarily to apoptotic gene targets Bim and TRAIL, but not to antioxidant gene targets SOD2 and PrxIII (Figure 3a) . We next examined the phosphorylation-deficient mutant, FOXO3-574A to determine whether FOXO3/EtOH apoptosis required this modification. Unlike the situation for WT-FOXO3, EtOH treatment of FOXO3 S-574A-expressing cells failed to increase promoter binding to Bim and TRAIL ( Figure 3b ) and also failed to increase Bim and TRAIL mRNA (Figure 3c ). To further confirm the role of S-574 phosphorylation in apoptosis we used a phosphomimetic form, FOXO3 S-574D. The WT-FOXO3 induced apoptosis only after exposure to EtOH, FOXO3 S-574A failed to induce apoptosis with or without EtOH and FOXO3 S-574D induced apoptosis irrespective of whether or not EtOH was present (Figures 3d-f ). Alcohol thus induces formation of a novel pro-apoptotic, phosphorylated form of FOXO3 in Huh7.5 cells.
FOXO3/EtOH is a transcriptional repressor of Bcl-2.
Although p-574-FOXO3 is specifically pro-apoptotic, the observed changes in TRAIL and BIM were modest. Furthermore, the EtOH/FOXO3 combination dramatically increased the sensitivity of cells to exogenous TRAIL (Figure 4a ). This suggests that mechanisms other than increased TRAIL account for apoptosis induction. We therefore used an apoptosis-related PCR array and identified nine apoptosisrelated gene products that were altered either by FOXO3 or by the combination of FOXO3 and EtOH (Table 1) . FOXO3 overexpression induced both pro-and anti-apoptotic genes, but in each case, subsequent addition of EtOH further increased pro-apoptotic genes or decreased anti-apoptotic genes. This effect was particularly striking for Bcl-2 where FOXO3 overexpression induced a 30-fold increase of Bcl-2 mRNA that was then completely abolished by EtOH.
The Bcl-2 promoter has three potential FHRE motifs. ChIP studies showed that FOXO3 bound strongly to two of these promoter regions and EtOH treatment increased binding in both cases. In the absence of EtOH, FOXO3 S-574A bound to the Bcl-2 promoter similar to FOXO3, but EtOH had no further effect (Figure 4b) . We next performed Bcl-2 promoter luciferase assays to evaluate transcriptional effects. The WT-FOXO3 overexpression induced an ∼ 15-fold increase of luciferase activity that was reduced by EtOH treatment. FOXO3 S-574A induced a similar increase of luciferase activity but EtOH had no effect. FOXO3 S-574D showed no transcriptional activity before or after EtOH treatment (Figure 4c ). FOXO3 further induced Bcl-2 mRNA and this effect was suppressed by EtOH. FOXO3 S-574A also increased Bcl-2 mRNA but this was not suppressed by EtOH. FOXO3 S-574D failed to increase Bcl-2 transcription (Figure 4d ).
It has previously been reported that Bcl-2 is minimally expressed in hepatocytes under normal conditions. 25, 26 Consistent with these observations, we found low Bcl-2 protein levels in Huh7.5 cells, but FOXO3 overexpression dramatically increased Bcl-2 ( Figure 4e, lanes 1-3) . Subsequent EtOH exposure decreased Bcl-2 protein back to FOXO3 mediates macrophage apoptosis.
Although the above studies demonstrate the apoptotic function of p-574-FOXO3, the induction of apoptosis in hepatocytes and hepatoma cells required FOXO3 overexpression. As FOXO3-dependent apoptosis results from an increase in TRAIL and a decrease in Bcl-2, we reasoned that differences in basal expression of the proteins involved might influence whether FOXO3 S-574 phosphorylation induces apoptosis.
To examine this issue we measured protein levels of FOXO3, Bcl-2 and TRAIL in hepatoma cells, hepatocytes and the human monocyte/macrophage cell line, THP-1 ( Figure 6a ). THP-1 cells express higher levels of Bcl-2 and FOXO3 and lower levels of TRAIL than hepatocytes. As alcoholic liver disease is known to involve lipopolysaccharide (LPS) release from the gut with subsequent activation of hepatic macrophages, 27 we determined the impact of LPS on macrophage FOXO3 and apoptosis. (Figure 6g ). Both LDH release and TUNEL positivity were suppressed by JNK inhibitor. LPS thus induces p-574-FOXO3 formation and generates the FOXO3-associated apoptosis phenotype characterized by decreased Bcl-2, increased TRAIL and cell death.
To determine whether LPS-induced macrophage cell death is FOXO3 dependent, we isolated peritoneal macrophages from WT and FOXO3 −/− mice. In WT macrophages, LPS (Figure 7c ). In FOXO3 −/− macrophages, LPS treatment had no effect on Bcl-2 or TRAIL and apoptosis was dramatically reduced. LPS also increased SOD2 mRNA but this effect was not dependent on FOXO3 (Figure 7d ).Unlike the situation for alcohol treatment of FOXO3-expressing hepatoma cells, Bim mRNA was unaffected (Figure 7e ).
To further explore the role of FOXO3 S-574 phosphorylation in macrophage apoptosis we used lentiviral-mediated FOXO3 shRNA to knock down FOXO3 expression in THP-1 cells.
Similar to FOXO3
−/− macrophages, these cells were resistant to LPS-induced apoptosis (Figure 7f ). We then re-expressed either WT or mutant FOXO3 proteins in these cells ( Figure 7g ) and challenged them with LPS. WT FOXO3 had no effect on cell viability but its expression restored LPS sensitivity as indicated by decreased viability and increased TUNEL positivity (Figures 7h and i) . FOXO3 S-574A was not able to restore LPS sensitivity. The phosphomimetic S-574D mutant reduced cell viability with or without LPS treatment. Because of rapid cell death we were not able to identify TUNEL positivity 72 h after FOXO3 S-574D expression. These results demonstrate that S-574 phosphorylation of FOXO3 is the key event required for LPS-induced apoptosis of macrophages.
Discussion
FOXO3 can be involved in numerous cellular functions, some of which seem contradictory such as promoting both cell survival and apoptosis. 28, 29 Although the major mechanisms governing nuclear/cytosolic distribution and stability have been intensively investigated, much less is known about the specific mechanisms that govern transcriptional program specificity. The discovery that p-574-FOXO3 is a specifically pro-apoptotic form of the protein is thus an important advance in our understanding of FOXO3.
S-574 was first reported to be a site of FOXO3 phosphorylation by Brunet et al. 17 We previously observed this phosphorylated form after HCV infection 23 and now have determined that it occurs after EtOH treatment of hepatocytes or LPS treatment of macrophages as well. We were able to demonstrate a strong connection between JNK activation and the appearance of p-574-FOXO3 as it was induced by activated JNK1 expression, its formation was blocked by JNK inhibitor and the time course of its appearance closely followed that of JNK activation for either LPS-treated macrophages or alcohol-treated hepatoma cells (Supplementary Figure S2) . Nonetheless, we do not yet know whether FOXO3 is directly phosphorylated by JNK or by anther kinase that is activated downstream of JNK activation.
This p-574-FOXO3 selectively binds to pro-apoptotic promoters in both hepatocytes and macrophages and not to antioxidant promoters. Targeted substitutions at S-574 showed that alanine substitution was sufficient to abolish this apoptotic activity and aspartate substitution was able to induce the apoptosis program in the absence of EtOH. This indicates that the charge at this site is the critical determinant of the pro-apoptotic function of FOXO3.
In spite of extensive information regarding the large array of FOXO3 PTMs, 7 there is relatively little known about how specific PTMs alter the FOXO3 transcriptional program. It has previously been shown that FOXO3 acetylation is related to its relative propensity to induce antioxidant versus apoptotic gene expression. 17 In that study, expression or activation of the SIRT family of NAD-dependent deacetylases, particularly SIRT1, favored the antioxidant phenotype, suggesting that acetylated FOXO3 is more apoptotic whereas deacetylated FOXO3 is more antioxidant. However, specific lysine residues responsible for these effects were not determined. 17 Our findings with S-574A and S-574D mutants suggest that the final arbiter of whether or not FOXO3 causes apoptosis is related to this phosphorylation event, but it is entirely possible that the ability of this serine to become phosphorylated is regulated by other protein PTMs such as lysine acetylation. This sort of multilevel control of FOXO3 function has been demonstrated for arginine methylation and Akt phosphorylation of FOXO1 where Akt phosphorylation is the final determinant of cytosolic translocation but arginine methylation of FOXO1 controls access of Akt to it substrate serine site. 16 It is notable that our studies show that aspartic acid substitution of S-574 alone is sufficient to induce apoptosis, suggesting that once that residue becomes charged, changing acetylation state may not be critical. The exact identity of the gene expression changes responsible for FOXO3-dependent apoptosis has been a matter of debate. In addition to TRAIL and Bim, there are other well-described FOXO3 targets including the p53 target genes PUMA (p53 upregulated modulator of apoptosis) and Noxa (phorbol-12-myristate-13-acetate-induced protein 1). Although we consistently observed that p-574-FOXO3 increased BIM and TRAIL mRNA, we were not able to observe consistent changes in Bim at the protein level and thus sought out other possible causes of the apoptosis phenotype. Through a PCR array screening we were able to identify Bcl-2 as a novel target that is regulated by FOXO3. Both the unphosphorylated form and p-574-FOXO3 bind to the Bcl-2 promoter, but although the unphosphorylated form is a transcriptional activator, p-574-FOXO3 serves as a transcriptional repressor. In Huh7.5 cells, the combination of the increase in TRAIL and the decrease in Bcl-2 was both necessary and sufficient to produce apoptosis and an increase in Bim was not required. FOXO3/EtOH-induced apoptosis could be prevented either by reducing TRAIL or increasing Bcl-2, and apoptosis could be induced in the absence of EtOH by the combination of Bcl-2 siRNA and exogenous TRAIL exposure. Therefore, although a number of other apoptosis-related genes such as PUMA and Noxa are known to be FOXO3 related, 30, 31 the key phenotype of EtOH/ FOXO3 apoptosis requires at the minimum, an increase in TRAIL and a decrease in Bcl-2.
We initially used Huh7.5 hepatoma cells as the system in which to investigate FOXO3 effects. These cells are widely used as they are permissive to cell culture infection with HCV and we previously showed that they express alcohol dehydrogenase (ADH) and respond to alcohol. 32 They were chosen for this study as previous isoelectric focusing studies showed that HCV infection and alcohol generated specific and different FOXO3 PTMs and these appeared to determine antioxidant responses. 23 In this earlier study we observed that HCV caused a specific species of FOXO3 that contained S-574 phosphorylation but this particular species was not identified after EtOH treatment. This implies that the HCVinduced and EtOH-induced p-574 phosphorylated forms of FOXO3 may differ at other sites as they have different pIs.
EtOH induced robust S-574 phosphorylation of endogenous FOXO3 in both hepatocytes and hepatoma cells, but in both cases this was not sufficient to induce apoptosis without first overexpressing FOXO3. In contrast, macrophages undergo endogenous FOXO3 S-574 phosphorylation in response to LPS and this is sufficient to induce apoptosis. Although the reason for the different responses of these two cell types is not certain, our data suggest two possibilities. First, there may be a minimum level of FOXO3 expression below which FOXO3 phosphorylation is not able to induce apoptosis. This possibility is suggested by the observation that endogenous FOXO3 expression is considerably higher in THP-1 cells than hepatocytes or hepatoma cells (Figure 6a ) and that an 80% FOXO3 knockdown in THP-1 cells was sufficient to abolish LPS-induced apoptosis (Figure 7) . Alternatively, it could result from a difference in how apoptosis is regulated in different cell types. Macrophages have high expression of FOXO3 and express high levels of Bcl-2 and low levels of TRAIL at baseline. Thus, FOXO3 phosphorylation at S-574, which suppresses Bcl-2 and increases TRAIL, is likely to dramatically alter cell death control. Hepatocytes and most hepatoma cells express relatively lower amounts of FOXO3, have relatively high basal TRAIL expression and most importantly express only very low levels of Bcl-2. A further loss of Bcl-2 as a result of FOXO3 phosphorylation is thus likely to be less consequential. After overexpression of FOXO3, however, hepatocellular FOXO3 levels and Bcl-2 levels increase dramatically, thus rendering the cells sensitive to the pro-apoptotic effects of FOXO3 S-574 phosphorylation. We previously showed that FOXO3 is a protective factor that prevents alcohol-induced liver injury. 32 The present results suggest that an effect on macrophage apoptosis might be playing a role in this protection. Understanding how p-574-FOXO3-dependent apoptosis is differentially regulated in the different cell types of the liver could provide important insights into the pathogenesis of alcoholic liver disease.
In summary, the present results show that alcohol treatment of hepatocytes or LPS treatment of macrophages induces phosphorylation of FOXO3 at S-574, generating a form of FOXO3 that can promote apoptosis through direct transcriptional activation of TRAIL, and by a previous unrecognized ability of p-574-FOXO3 to act as a transcriptional repressor of Bcl-2. FOXO3-dependent apoptosis occurs in macrophages in response to LPS and may occur in other cell types as well. The finding that a specific PTM is sufficient to induce a FOXO3 apoptosis program is one of the first demonstrations of a transcriptionally selective form of FOXO3 and opens the possibility that modifying this phosphorylation process in both positive and negative ways could be an important therapeutic approach. FOXO3-dependent apoptosis has been postulated to play a role in its ability to serve as a tumor suppressor, 33 has been implicated in muscle atrophy and cardiomyopathy 34 and appears to play a role in response of cancers to cytotoxic chemotherapy agents. 35 Further work will be necessary to understand the factors that regulate the ability of JNK to induce phosphorylation at this site, whether other kinases perform this function as well and whether other factors ultimately determine cell fate in the presence of p-574-FOXO3. according to the manufacturer's instructions. siRNA targeting Bcl-2 (s1915) was purchased from Invitrogen and siRNA targeting TRAIL (sc-36719) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). The lentiviral vectors coding for human FOXO3-specific shRNA (MISSION TRC shRNA TRCN0000040100, TRCN0000040098) and the control vector pLKO.1 were obtained from SigmaAldrich (St. Louis, MO, USA). THP-1 cells were purchased from ATCC (Manassas, VA, USA) and maintained in RPMI-1640 Medium (Invitrogen) containing 10% FBS and 0.05 mM 2-mercaptoethanol. For preparation of FOXO3 knockdown cells, THP-1 cells were transduced with lentiviral FOXO3 shRNA supernatants supplemented with polybrene (4 μg/ml). Pools of shRNA-transduced cells were selected by adding 5 μg/ml puromycin (Gibco/Invitrogen, Grand Island, NY, USA) to the culture medium. FOXO3 expression level was determined by western blot 72 h after infection. Expression of FOXO3 or FOXO3 mutants in knockdown cells was performed by electroporation. 4 × 10 6 FOXO3 stable knockdown THP-1 cells were resuspended in 400 μl serum-free RPMI media and incubated with 10 μg DNA for 5 min on ice before being electroporated at 140 V, 1000 μF. Following electroporation, 600 μl complete RPMI media were added to the cells that were kept on ice for 15 min, and then grown in 5 ml media for 48 h.
Isolation and culture of primary human hepatocytes. Primary human hepatocytes were freshly isolated from liver resections by the Cell Isolation Core of the Department of Pharmacology at the University of Kansas Medical Center (Kansas City, KS, USA). All human tissues were obtained with informed consent from each patient according to ethical and institutional guidelines. The study was approved by the institutional review board at the University of Kansas Medical Center. Cells were isolated using a multi-step collagenase procedure as described in detail previously. 36 Media consisted of Williams' Medium E (Life Technologies, Grand Island, NY, USA) supplemented with L-glutamine (2 mM) (Life Technologies), HEPES (10 mM), insulin (10 − 7 M), dexamethasone (10 − 7 M), penicillin (100 U/ml), streptomycin (100 μg/ml) and amphotericin B (0.25 μg/ml). The hepatocytes were brought to a concentration of 0.5 × 10 6 cells/ml in Williams' Medium E, as described above, plus 5% bovine calf serum. The hepatocytes were then seeded on collagen-coated plates and allowed to attach in a humidified 37°C, 5% CO 2 incubator for 12 h and then treated with 50 mM EtOH for indicated times.
Mouse strains. FOXO3
− / − mice were provided by Dr Kana Miyamoto (Keio University, Tokyo, Japan) and were generated as previously described. 37 Heterozygotes were bred together, obtaining both knockout and WT littermates. All mice were housed in a temperature-controlled, specific pathogen-free environment with 12-h light/dark cycles and fed regular mouse chow and water ad libitum. All animal handling procedures were approved by the institutional animal care and use committees at the University of Kansas Medical Center.
Isolation of mouse peritoneal macrophages. Primary peritoneal macrophages were isolated as described previously. 38 C57BL/6 or FOXO3 −/− mice at 5 weeks of age were killed by CO 2 asphyxiation. Briefly, 10 ml of sterile phosphate buffered saline (PBS) was injected into the caudal half of the peritoneal cavity using a 25-gauge needle (beveled side up), following by shaking the entire body for 10 s. Saline containing resident peritoneal cells was collected and cells were plated on uncoated tissue culture plates and incubated for 60 min at 37°C. Nonadherent cells were removed by washing five times with warm PBS. Macrophages were maintained in RPMI medium (Invitrogen) containing 10% FBS overnight and then treated with or without LPS (LPS from Escherichia coli 026:B6, Sigma-Aldrich) for additional 24 h before being processed for analysis.
Immunofluorescence. Cells grown on coverslips were washed in PBS three times and fixed for 10 min in 4% paraformaldehyde in PBS at room temperature. For indirect immunofluorescence, fixed cells were permeabilized in 1% Triton X-100 in PBS for 5 min at room temperature. The coverslips were inverted and touched to 40 μl droplets of blocking buffer (4% goat serum and 1% bovine serum albumin in PBS-Tween, 0.05%) on a clean parafilm sheet for 45 min at room temperature. Cells were then incubated in PBS with rabbit anti-FOXO3 antibody (75D8) or rabbit anti-p-FOXO3 S-574 for 1 h at room temperature. After washing with PBS, coverslips were incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1 : 5000; Molecular Probes, Waltham, MA, USA) for 1 h in the dark at room temperature. Coverslips were additionally incubated with DAPI for 20 min at room temperature to stain nuclear DNA. Images were acquired by using Nikon Eclipse Ti microscope (Nikon Americas Inc., Melville, NY, USA). were treated with 50 mM EtOH for 48 h. DNA and proteins were crosslinked by the addition of formaldehyde to a final concentration of 1% for 10 min before harvesting. The crosslinking reaction was stopped by adding glycine at 0.125 mol/l final concentration for 5 min at room temperature. Flasks were rinsed twice with ice-cold 1 × PBS and cells were scraped off the plates, resuspended in cell lysis buffer (10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 3 mM MgCl 2 , 0.5% NP-40 and protease inhibitors) and incubated on ice for 15 min. The cell suspension was vortexed briefly every 5 min to aid in release of nuclei. Nuclei were collected by centrifuge, resuspended in nuclei lysis buffer (1% SDS, 5 mmol/l EDTA, 50 mmol/l Tris-HCl (pH 8.0) and protease inhibitor) and sonicated to generate chromatin to an average length of~200 to 600 bp (10 × 15 s at 55% maximum potency). After centrifugation at 14 000 r.p.m. for 10 min at 4°C, samples (2-4 mg of protein extracts) were immunoprecipitated overnight at 4°C with 1 μg anti-HA ChIP-grade antibody (Abcam, Cambridge, MA, USA) or 3 μl anti-FOXO3 (clone 75D8 from Cell Signaling Technology, Danvers, MA, USA). Rabbit IgG was used as a negative control of immunoprecipitation. One percent of supernatant from the immunoprecipitation was saved as total input of chromatin and was processed with the eluted immunoprecipitates beginning at the crosslink reversal step. Next, 10 μl magnetic beads (Dynabeads M-280 Sheep anti Rabbit IgG, Invitrogen) were added into each sample and incubated at 4°C for 4 h with rotation. Immunoprecipitates were washed with ChIP Low Salt Buffer (0.1% SDS, 1% Triton-100, 2 mM EDTA, 50 mM Hepes, pH 7.5, 150 mM NaCl), ChIP High Salt Buffer (0.1% SDS, 1% Triton-100, 2 mM EDTA, 50 mM Hepes, pH 7.5, 500 mM NaCl), ChIP LiCl Buffer (0.25 M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0) and TE buffer (10 mM Tris-HCl, 1 mM EDTA). Immunocomplexes were eluted with 90 μl elution buffer (1% SDS, 50 mmol/l NaHCO 3 ) and 10 μg of RNase A was added to the pooled eluates; crosslinks were reverted by incubation at 65°C for at least 6 h. Samples were added with 1 μl of 20 μg/μl proteinase K and incubated for 2 h at 45°C
. After incubation at 95°C for 10 min, samples were purified used Qiagen PCR purify kit (Hilden, Germany). DNA samples were amplified with target promoterspecific primers using SYBR Green quantitative PCR analysis (Applied Biosystems, Waltham, MA, USA). Primers and probe sequences are listed in Supplementary  Table S1 .
Real-time PCR. RNA was extracted and purified from cultured hepatoma cells using the TRI reagent from Sigma according to the manufacturer's instructions. cDNA was generated with the random primer method using the RNA reverse transcription kit (Applied Biosystems). Quantitative RT-PCR was performed in a CFX96 real-time system (Bio-Rad, Hercules, CA, USA) using specific sense and antisense primers in 25 μl reaction volumes containing 12.5 μl SYBR Green PCR master mix (Applied Biosystems), 10.5 μl of 1 μmol/l primer stock and 2 μl of cDNA (1 : 10 diluted). The amplification consisted of an initial incubation of 95°C for 5 min (hot start), following by 50 amplification cycles (15 s at 95°C, 30 s at 55°C and 30 s at 72°C) and a final melting curve from 55°C to 95°C. Primer sequences are presented in Supplementary Materials. Apoptosis array analysis. Huh7.5 cell were transfected with HA-FOXO3 by Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen). At 24 h after transfection, cells were treated with 50 mM EtOH for an additional 48 h. Cells were washed twice with PBS, total cellular RNA was isolated and cDNA was generated as discussed above. cDNA samples were then assayed using the Apoptosis RT2 Profiler PCR Array (Qiagen cat. no. PAHS-012Z) according to the manufacturer's instructions. Raw CT values were exported from the real-time instrument software, and analyzed using the ΔΔCT method. Data were present as mRNA fold elevation compared with Huh7.5 cells that were not transfected with FOXO3 or treated with EtOH.
Measurement of luciferase activity, LDH release and caspase 3/7 activity. After co-transfection of the two luciferase plasmids, both firefly and Renilla luciferase activities were measured sequentially from a single aliquot of cell lysate using the Dual-Glo Luciferase Reporter Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions. Relative Renilla luciferase light output was normalized to firefly luciferase output. LDH release and total LDH were determined using TOX7 kit (Sigma-Aldrich) according to the manufacturer's instructions. The absorbance was determined at 490 nm. The present data were calculated by dividing
